It is known that different amino acid residues have effects on the thermodynamic stability of an ␣-helix. The underlying mechanism for the thermodynamic helical propensity is not well understood. The major accepted hypothesis is the difference in the side-chain configurational entropy loss upon helix formation. However, the changes in the side-chain configurational entropy explain only part of the thermodynamic helical propensity, thus implying that there must be a difference in the enthalpy of helix-coil transition for different residues. This work provides an experimental test to this hypothesis. Direct calorimetric measurements of folding of a model host peptide in which the helix formation is induced by metal binding is applied to a wide range of residue types, both naturally occurring and nonnatural, at the guest site. Based on the calorimetric results for 12 peptides, it was found that indeed there is a difference in the enthalpy of helix-coil transition for different amino acid residues, and simple empirical rules that define these differences are presented. The obtained difference in the enthalpies of helix-coil transition complement the differences in configurational entropies and provide the complete thermodynamic characterization of the helix-forming tendencies.
T
he structure of the ␣-helix in polypeptides was proposed more than a half-century ago (1) . Nevertheless, some details of the thermodynamics of the helix-coil transition remain to be deciphered (see reviews in refs. 2-7 and references therein). From the basic consideration of the structure of an ␣-helix, the arrangement of the i to i ϩ 4 hydrogen-bonding pattern by the peptide backbone is the driving force for helix formation, and is enthalpically favorable (8, 9) . It is also known that, entropically, helix formation restricts the configurational freedom of the side chain (10) (11) (12) (13) (14) (15) (16) (17) . For example, the loss in configurational entropy for alanine will be very small because it has a very small side chain, while valine, because of the ␤-branching of the side chain, will have a large decrease in conformational entropy upon helix formation (14) . Based on these observations, it was proposed that the loss in configurational entropy is a major factor that defines the helix-forming propensities of different amino acid residues (17) . Later, it was noticed that the loss in configurational entropy explains only 50-70% of the difference in the thermodynamic propensity as measured by the difference in the Gibbs energy. This finding suggests that there is unaccounted entropy change or there is also a difference in the enthalpy of a helix-coil transition for different amino acid residues (18) (19) (20) . Indirect estimates of the enthalpy of helix-coil transitions for just four amino acid residues further suggests the sequence dependence of the enthalpy (18, 19) .
Direct calorimetric measurements of the enthalpy of helixcoil transition are very difficult, for numerous reasons, including the small absolute values, low cooperativity of the helix-coil transition, and the lack of simple model systems (21) (22) (23) . Most of these shortcomings have been overcome recently by using a model system in which metal binding induces helix formation in a short helical peptide (24, 25) , thus allowing the use of isothermal titration calorimetry (ITC) to monitor the enthalpy of helix-coil transition (26) . By using different peptides, it was found that the enthalpy of the helix-coil transition for alanine is Ϫ0.9 Ϯ 0.1 kcal͞mol, and is independent of peptide length (26) . This experimental setup is extended in the present work to incorporate 11 different amino acid residues at a host position. The nature of the guest residues was selected to represent differences in size, shape, hydrophobicity, hydrogen-bonding potential, and included both the natural amino acids alanine (A), glycine (G), valine (V), leucine (L), isoleucine (I), phenylalanine (F), asparagine (N), glutamine (Q), serine (S), and threonine (T), and the nonnatural amino acids norvaline (J) and 2-aminobutyric acid (B). Based on the calorimetric results for these 12 peptides, it was found that indeed there is a difference in the enthalpy of helix-coil transition for different amino acid residues and simple empirical rules that define these differences are presented. The obtained difference in the enthalpies of helixcoil transition complement the differences in configurational entropies and provide the complete thermodynamic characterization of the helix-forming tendencies.
Materials and Methods
Peptide Synthesis, Purification, and Sample Preparation. Peptides P1 (Ac-DKDGDGYISAAE-NH 2 ), and P2X (Ac-DKDGDGY-ISAAEAXAQ-NH 2 ) where X ϭ A, L, I, V, S, T, F, N, Q, G, and the nonnatural amino acids J and B, were synthesized at the Penn State University College of Medicine Core Facility, by solidphase procedures on a Milligen 9050 FMoc peptide synthesizer. Peptides were cleaved from the resin by using a trifluoroacetic acid procedure, followed by multiple ether extractions, and dried under nitrogen. Peptide identities were confirmed by MS (Voyager DE-PRO, Perseptive Biosystems͞Applied Biosystems). Peptides were purified by using a C18 reverse-phase HPLC system (Waters, Milford, MA), single peaks were collected together and lyophilized, then dissolved in water and lyophilized again to remove residual trifluoroacetic acid. For titration experiments, fresh peptide stock solutions were prepared before each experiment and then diluted to either 50 or 100 M and dialyzed extensively against 10 mM sodium cacodylate͞100 mM NaCl, pH 6.9 (Buffer A). Spectrapor CE dialysis membranes with a molecular mass cutoff of 500 Da were used for all dialysis. Peptide concentrations were measured spectrophotometrically before the experiment by using a molar extinction coefficient of 1,450 M Ϫ1 ⅐cm Ϫ1 at 275 nm as determined (26) . The LaCl 3 (Alfa Aesar, Ward Hill, MA) stock was prepared by weight in water, and dilutions were made with dialysis buffer before the exper-iment. The LaCl 3 concentrations for titration experiments were kept at 2 mM.
Fluorescence Measurements. Fluorescence intensity was measured by using a FluoroMax spectrophotometer with DM3000F software. A constant temperature of 25°C during the experiment was maintained by using a thermostated cell holder connected to a circulating water bath. The peptide concentration was 8 M in Buffer A. Samples were exited at 280 nm and emission was recorded at 302 nm, the emission maximum for tyrosine. Samples were titrated with increasing amounts of LaCl 3 until saturation. The measured intensity values were corrected for dilution and blanks were subtracted. A change in fluorescence intensity upon addition of LaCl 3 was assumed to be proportional to the degree of binding. The degree of binding is expressed as a single-site binding equation
where I is the intensity at each point of the titration upon addition of LaCl 3 , I o is the initial intensity, ⌬I is the total change in intensity,
is the concentration of peptide, [La] is the concentration of LaCl 3 , and K d is the apparent disassociation constant. Experimental data were fit to Eq. 1, using the nonlinear regression NLREG software.
CD Spectroscopy. The CD spectra of peptides in Buffer A with or without 2.5 mM LaCl 3 were recorded in a 1-mm path length water-jacketed cuvette in a Jasco 715 spectropolarimeter (Jasco, Easton, MD) equipped with a Neslab RTE-111 temperature control unit. CD spectra were measured at three different concentrations (17, 85 , and 170 M) at 0°C. The sample was heated at a rate of 1°C per min and data were recorded every 0.2°C. Reversibility was checked by overlap of spectra before and after heating.
ITC. The overall procedure for ITC experiments was similar to that previously described (26) . Experiments were carried out by using a VP-ITC titration calorimeter (Microcal, Northampton, MA). Three microliters of LaCl 3 solution (Ϸ2 mM) was injected into the cell containing a peptide at either 50 or 100 M. The blank injections of LaCl 3 into buffer A were used to account for the heats of mixing and dilution. In each experiment, 10-15 injections past saturation were made to ensure completion of binding. The heat of the reaction (Q) is obtained by integrating the peak after each injection of ligand using ORIGIN software provided by Microcal. The enthalpy (⌬H cal ) was calculated by summing the individual heats, then correcting for dilution and dividing it by the total number of moles of peptide in the cell.
Data Analysis. The enthalpy measured experimentally for each peptide upon adding La 3ϩ is related to the enthalpy of helix formation, on a per-residue basis, ⌬h ␣ (P2X), as in ref.
26
where F ␣ Ϫ (P2X) is the fraction of helical residues in peptide in the absence of La 3ϩ . F ␣ Ϫ (P2X) can be calculated from the experimentally measured ellipticity of these peptides, [⌰ Ϫ (P2X)], as in ref.
where The F ␣ Ϫ (P2X) obtained this way refer only to those additional residues that are forming helical structure besides the first 12 residues of peptide P1. It should be noted that although Eq. 3 uses experimentally measured ellipticities to calculate F ␣ Ϫ (P2X), ellipticity values are averaged properties and do not reflect the average helicity at the guest site. Thus, an alternative approach to get independent estimates for F ␣ Ϫ (P2X) was used; the averaged helicity at the substitution (guest) site were calculated by using AGADIR (28) . Calculations were made for a pH of 7.0, an ionic strength of 0.1 M, and a temperature of 5°C on the actual P2X sequences, to give the values of F ␣ Ϫ (P2X) AG . In addition, the La 3ϩ binding and helix initiation was modeled for AGADIR calculation by replacing the metal-binding sequence with a stretch of 57 alanine residues. Average helicity obtained in these calculations, F ␣ ϩ (P2X) AG , was combined with the
Numerical results of the experiments described above are reported in Table 1 , which is published as supporting information on the PNAS web site. Fig. 1A shows a cartoon representation of the three-dimensional structure of the P2A peptide that has the sequence Ac-DKDGDGYISAAEAAAQ-NH 2 . The first 12 residues are involved in the binding of La 3ϩ ion, while the last 7-8 residues form an ␣-helix. The residue in position 14 was chosen as a guest site for substitutions. It is located on the solvent-exposed face of the helical segment, and thus, all potential side-chain-side-chain interactions will be minimized. It was shown previously that there is no difference in helix propensity for nonionizable amino acid residues at the solvent-exposed positions in the middle and at the C terminus of the ␣-helix. Twelve different amino acids were chosen to be incorporated at the guest position (Fig. 1B) . The eight nonpolar amino acid residues included five naturally occurring aliphatic amino acids with increasing size of the side chain (G, A, V, I, and L), two nonnatural aliphatic amino acids (J and B), and one aromatic amino acid (F). The four polar amino acid residues contained hydroxyl (S and T) and amide (N and Q). Amino acids with ionizable side chains were not included in the studies because they can interfere with the metal binding.
Results

Design of the Guest Position in Peptides.
CD Spectroscopy. The helical fraction in P2X peptides in the absence of La 3ϩ was estimated from the experimentally measured ellipticities of the peptides by using a procedure described before (26, 27) . As expected, the measured values of ellipticities vary for different peptides, indicating different amounts of the fractional helical structure in P2X (X ϭ A, G, V, L, I, J, B, N, Q, S, T) series of peptides. Are these differences similar to those obtained in other peptide models? If the answer is yes, the P2X model possesses the general properties of helical peptides, and thus, the data obtained in the P2X model system will have general applicability. There are two sets of CD measurements of the host-guest peptides that include the nonnatural amino acids. Comparison of the ellipticity for the P2X peptide and those of Baldwin and coworkers (29, 30) and Kallenbach and coworkers (12, 31) are shown in Fig. 2 . The correlation coefficients with these two model peptide systems are 0.88 and 0.76, respectively. Such good correlations suggest that the P2X peptide system is capturing the general model-independent helical properties.
NMR study shows that upon La 3ϩ binding, the P2A peptide folds into a structure in which the last eight residues are helical (24) . These changes in the structure induced by La 3ϩ binding can also be monitored by CD spectroscopy (26, 27) . For example, upon La 3ϩ binding, the ellipticity of the P2A peptide changes from Ϫ4,100 to Ϫ11,600 deg⅐cm 2 ⅐dmol Ϫ1 at 25°C. Similar large changes in the ellipticity are observed for all P2X peptides. This step allows calculation of the fraction of helical residues in the P2X peptides in the absence of La 3ϩ , F ␣ Ϫ (P2X) by using Eq. 3. Temperature dependence of F ␣ Ϫ (P2X) for selected peptides is shown in Fig. 3 . (24, 26, 32) . Because La 3ϩ binding leads to the folding of the P2X peptides, the La 3ϩ -binding affinities of the peptides will include contribution from the helix formation, thus allowing estimates of the thermodynamic helix propensity scale. For this step, the effect of La 3ϩ binding is taken into account by correcting for the binding affinity of the P1 peptide that binds La 3ϩ but does not form a helix as
Because the P2X peptides have certain helical structure in the absence of La 3ϩ (24) , the difference in the F ␣ Ϫ (P2X) should be taken into account as
Here, ⌬G o (P2X) has the meaning of the apparent thermodynamic helix propensity because Eqs. 4 and 5 assume a two-state process. There is an indication that in a peptide system similar, but not identical, to P2X, there is some fraying at the helix end; however, it appears that the correction due to fraying is rather small, Ͻ5% (32) . The values of F ␣ Ϫ (P2X) that are used in Eq. 5 were obtained by using experimentally measured ellipticities of the peptides. However, the ellipticity as measured by CD spectroscopy is an averaged property and does not specifically reflect the changes at the substitution site. To estimate the relative error introduced by a two-state assumption, the values of F ␣ Ϫ (P2X) were also computed by AGADIR using two different approaches (see Materials and Methods for details). The values of ⌬G o (P2X) calculated by using different estimates of ⌬G o (P2X) are compared in Fig. 4A . Clearly, ⌬G o (P2X) sets obtained by using F ␣ Ϫ (P2X) from Eq. 3 or computed using AGADIR are very similar, with the larger deviation on the order of 0.08 kcal͞mol, which is smaller that the experimental error.
Most thermodynamic helical propensity scales are commonly expressed relative to the A (12, 13, 16, 33-35), a residue that has the highest helix propensity as
[6]
Again, to assure the general applicability of the P2X peptides for study of the thermodynamic and structural basis of helix pro- pensity, ⌬⌬G o (P2X) values must be compared with the existing helix propensity scales. Fig. 4B compares the values of ⌬⌬G o (P2X) with the unified helix propensity scale of Pace and Scholtz (35) , ⌬⌬G P&S , which was derived from the analysis of several experimental helix propensity scales. The two data sets correlate very well (correlation coefficient of 0.92 and slope of 0.9), once again supporting the notion that the P2X peptide can serve as a universal model for the study of the thermodynamics of helixcoil transition.
ITC. Fig. 5A shows the temperature dependence of the experimental enthalpies, ⌬H cal , that accompany La 3ϩ binding to P1 and P2X peptides. The values of enthalpy are very different for the different peptides, both in sign and in the absolute magnitude. These experimentally measured enthalpies are used to calculate the enthalpy of helix formation, ⌬h␣, by using Eq. 2. Fig. 5B shows the temperature dependencies of ⌬h␣ for a representative set of peptides. In agreement with a previous study (26) , ⌬h␣ for all peptides is within experimental error independent of temperature. However, the absolute values of ⌬h␣ are very different for the different peptides ranging from Ϫ0.91 Ϯ 0.09 kcal͞mol for P2B and Ϫ0.40 Ϯ 0.08 kcal͞mol for P2G. The accuracy of the measurements is an important issue, and it is clear that the P2X system provides a very good measure of ⌬h␣. For example, ⌬h␣ for P2A obtained is this work is Ϫ0.89 Ϯ 0.08 kcal͞mol, which is identical to the value of Ϫ0.9 Ϯ 0.1 kcal͞mol reported earlier (26) , despite the fact that the P2A peptide was from two different sources and the experiments were performed at different locations and at different times. Additional source of inaccuracy in ⌬h␣ can come from F ␣ Ϫ (P2X). To access the magnitude of these effects, ⌬h␣ was computed by using the F ␣ Ϫ (P2X) obtained from the experimentally measured ellipticities of the peptides using Eq. 3, or using the AGADIR-computed values (see Materials and Methods for details). Comparison of these estimates is given in Fig. 6 and clearly shows that the difference is smaller that the experimental error. Thus, the differences in the values of ⌬h␣ for different P2X peptides are significant and provide direct demonstration that the enthalpy of helix-coil transition is sequencedependent.
Discussion
The enthalpies of the helix-coil transition for the studied amino acid residues can be clustered into three distinct types (Fig. 6 ). Type I includes residues A, F, L, and nonnatural amino acids B and J, and are characterized by ⌬h␣ values of approximately Ϫ0.9 kcal͞mol. Type II includes the ␤-branched I, T, and V, and also polar residues S, N, and Q, and are characterized by ⌬h␣ values of Ϫ0.6 kcal͞mol. Type III is the residue G and has the lowest absolute value of ⌬h␣, Ϫ0.4 kcal͞mol.
Type III residue G has the lowest enthalpy, presumably because of the fact that it does not have a side chain. Two possible factors can be responsible. One factor is the ability of the glycine backbone to sample a much larger ͞-space on the Ramachandran plot. This factor affects the backbone accessibility to the solvent, an important contributor to the thermodynamics of helix formation (19, (36) (37) (38) (39) . Another factor is the presence of the C␤ atom in all other amino acids not only restricts the conformation of the peptide backbone but also adds some favorable van der Waals interactions that are known to have a significant enthalpic component (20) . One, or most probably, both of these factors define very low enthalpy values for glycine residue. For the amino acid residues that have a side chain, two rules appear to define whether they will belong to type I or type II according to their enthalpy, ⌬h␣. Comparison of the chemical nature and shape of the amino acid residues belonging to type II clearly indicates that the shape of the side chain, and specifically, ␤-branching, is very important because all ␤-branched side chains belong to type II (Fig. 6) . It is not related to the overall size (i.e., number of heavy atoms) or the hydrophobicity of the side chain, because ␤-branched V has a very different enthalpy than J, which contains the same number of carbon atoms in the side chain. Similarly, the ⌬h␣ value for ␤-branched I is very different from that of L. Moreover, polar T that has the same shape as V, and also the same enthalpy. The ␤-branching of amino acid residues has been proposed to lead to a larger burial of the polar backbone in the helical state (19) . This suggestion was later supported by experimental and theoretical considerations (6, 37, 38, 40, 41) . The observed low enthalpy for the ␤-branched residues (Fig. 6 ) further supports this hypothesis. Indeed, hydration of the polar backbone is negative (20, 42) , and thus, the more backbone is shielded from the solvent in the helical state because of ␤-branching, the smaller the total enthalpy change upon helix-coil transition will be. It must be noted that, at least in the case of a backbone that is polar but heterogeneous, the energetics of hydration does not seem to scale well with the geometrical͞structural parameter widely used in the past, the solvent-accessible surface area (ASA) (37) . Thus, direct demonstration of such effects using traditional approaches of comparing ASA is impossible. Another factor that defines the difference in ⌬h␣ values seems to be the ability to form hydrogen bonds. Polar residues S, N, and Q are not ␤-branched, yet they belong to type II (Fig. 6 ). For comparison, B has a similar shape to S, but does not possess the hydrogen-bonding capability, and is a type I residue. Similarly, L, which belongs to type I, has the same shape as N, but N can potentially form several hydrogen bonds by means of its amide moiety, and thus belongs to type II. What causes these differences in the enthalpies of helix-coil transition for the amino acid residues with hydrogen-bonding capabilities? It is probably related to the interaction with the solvent and intramolecular hydrogen bonding in the unfolded state. However, at the present time, there are no trivial ways of modeling the unfolded state and no simple explanation can be provided.
Importance of the Difference in ⌬h␣ Values for Understanding Helix
Propensities. Since the first thermodynamic helix propensity scales were determined, the difference in the side-chain entropy in the helical and coiled states was brought up as one of the determinants (10) (11) (12) (13) (14) (15) (16) (17) . In 1992, Creamer and Rose (14) performed a simple Monte Carlo calculation to compute the side-chain configurational entropy for a series of nonpolar residues in the unfolded state and in the ␣-helical state. They found that there is very good correlation between helix propensities (⌬⌬G relative to A) and entropy loss upon helix formation (⌬⌬S relative to A). Based on this correlation Creamer and Rose (17) concluded ''. . . that loss of side chain entropy is a major determinant of the helix-forming tendency of residues in both peptide and protein helices.'' This conclusion was later questioned by Blaber et al. (16) , who calculated the loss of side-chain configurational entropy for all residues using the distribution of the side-chain rotamers in the known three-dimensional structures of protein.
The ⌬⌬S values computed by Blaber et al. (16) for nonpolar residues were similar to those of Creamer and Rose (14, 17) , suggesting the overall applicability of both methods for calculation of entropy. However, Blaber et al. (16) found little correlation between helix propensity and entropy loss when considering both polar and nonpolar residues. Furthermore, Luo and Baldwin (19) noted that even for nonpolar residues, despite good correlation, the entropy explains only a 50-70% difference in ⌬⌬G. A possible explanation for this lack of correlation between ⌬⌬G and ⌬⌬S for all residues, and less than unity slope of the ⌬⌬G versus T⅐⌬⌬S plot for nonpolar residues is that, since ⌬G ϭ ⌬H Ϫ T⅐⌬S, there is a difference in the enthalpy of helix-coil transition for different amino acid residues. The measurements of enthalpy of helix-coil transition are very difficult. Nevertheless, the direct calorimetric measurements performed by different groups that used different model systems gave very comparable results (see e.g., refs. 22 and 23 and references therein). The only indication that there might be a difference in the enthalpy of helix-coil transition comes from the work of the Baldwin group (19) . Using Lifson-Roig analysis, they showed that there is a difference in the enthalpy of helix-coil transition and the rank order is AϾIϾVϾG. However, this order is shown by using an indirect way to calculate enthalpy and is performed for only four amino acid residues, all of them nonpolar.
In this work, we experimentally explore the hypothesis that different amino acid residues will have a different enthalpy of helix-coil transition. This work is performed by using direct calorimetric measurements of the folding of a model host peptide in which helix formation is induced by metal binding, and is applied to a wide range of residue types, not only nonpolar residue types but polar residue types as well. The observed differences in the enthalpies of helix-coil transition clearly add the missing part of thermodynamic analysis of the helix propensity. Fig. 7 compares the thermodynamic propensity scales from Pace and Scholtz (35) , ⌬⌬G P&S , and obtained in this work by using the La 3ϩ binding, ⌬⌬G o (P2X), with the entropy changes upon helix-coil transition, T⅐⌬⌬S, as reported in refs. 14 and 16, and a sum of T⅐⌬⌬S and ⌬⌬h␣. It is clear that the T⅐⌬⌬S ϩ ⌬⌬h␣ describes the observed thermodynamic propensity scales much better. These data provide definite support to the idea that the thermodynamic helix propensity scale is defined by both enthalpic and entropic components. It appears that, for some amino acid residues, the entropy is indeed a major determinant in agreement with the earlier conclusion of Creamer and Rose (17) . For other amino acid residues, it appears that the enthalpic component is more significant than the entropic component or both the enthalpic and entropic effects are equally important.
Concluding Remarks. It remains unclear as to what are the interactions and structural determinants that define the difference in the enthalpies for helix-coil transition for different amino acid residues. There is not much more information that the experiment can provide. It is thus up to thorough computer simulations to provide the detailed picture of the contributions of different interactions to the thermodynamics of the helix-coil transition. Given the current state of the art of such simulations (7), it appears to be feasible.
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